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Abstract 
A soft-sensing scheme for electrical conductivity is proposed by using the sine wave amplitude-phase characteristic 
parameters as secondary variable. The system adopts sine wave to excite conductivity cell and wages multi-sampling 
for the response signal. The nonlinear least squares method is adopted to wage optimization calculation for system 
model, which can obtain system amplitude-phase characteristic parameters and inhibit the measurement interference 
at the same time. By utilizing the equivalent model of conductivity cell, we derived the functional relation between 
resistance-capacitance (RC) parameters and the amplitude-phase characteristics, thus the RC parameters decoupling 
value can be obtained and the conductivity can be calculated. We also designed automatic temperature compensation 
and intelligent shift function, which further improve the system precision and practicality. The scheme could have a 
certain measurement accuracy, measurement speed and anti-interference ability, which can meet the requirement of 
industrial online real-time measurement for electrical conductivity.  
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1. Introduction䭉䈟ʽᵚ᢮ࡠᕅ⭘ⓀǄ 
As an electrochemical analysis parameter, conductivity is widely used in production and scientific 
research departments such as chemical, metallurgy, biology, medicine, food and water conservancy [1]. Its 
measurement technique has achieved considerable development as the application field continues to 
expand. With the continuous development of the processor and integrated circuit technology, digital 
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conductivity measurement has gradually occupied the dominant position, among which phase sensitive 
detection method, double-pulse method and dynamic pulse method are often used [1]. These measurement 
methods use the rich resources and processing ability of microprocessor, and add automatic temperature 
and capacitance compensation to improve conductivity measurement accuracy. However, with the 
increasing requirements of measurement accuracy and speed, the conductivity measuring instruments 
based on these methods cannot meet today's requirements. At present, the soft-sensing method has 
become the new trend of conductivity measurement development. Based on intelligent optimization 
methods, it uses soft computing instead of partial direct measurement through the establishment of 
mathematical model between electrical conductivity and some easily measured parameters, which can 
eliminate interference, improve the measurement accuracy, and save costs [1],[2]. 
This system uses the sine wave to excite conductivity cell, which receives sinusoidal response signal 
with the same frequency, but the amplitude and phase change. It adopts high-speed A/D to conduct multi-
sampling in one period. To inhibit measurement interference, we wage optimization calculation for the 
sampling values by using nonlinear least squares method in the processor, thus the estimated value of 
amplitude-phase characteristic parameters can be obtained. Based on the equivalent RC model of 
conductance cell, we establish a functional relation between solution resistance, distributed capacitance 
and amplitude-phase characteristics. Then we can realize the RC decoupling and obtain the solution 
conductivity. This measurement method builds a mathematical model which includes the distributed 
capacitance interference. By estimating this interference, it eliminates the interference essentially and 
increases the measurement accuracy. In addition, compared with the traditional conductivity meter, this 
soft-sensing system can easily achieve automatic error compensation, intelligent shift and display 
functions by utilizing the processor logic judgment and data processing ability, which further improve the 
system precision and practicality. 
2. Measurement Principles 
2.1. Establishment of parametric model 
Conductivity measurement is mainly affected by polarization effect, capacitance effect and 
temperature. Under general condition, we adopt alternating current (AC) or pulse excitation to eliminate 
polarization effect. The double-layer capacitance and electrolyte capacitor can be ignored due to small 
value, so the capacitance effect can only consider the distributed capacitance of electrode lead. 
Temperature affects the measurement results seriously, but it is simple to compensate. We can eliminate 
the influence of temperature well by look-up table method or formula method. Thus we can obtain a 
reasonable and simplified equivalent RC network of conductance cell, as shown in Figure 1. The problem 
of electrical conductivity measurement comes down to the decoupling problem of equivalent RC network 
[1]-[3]. 
Figure 1 is the block diagram of system measurement principle. Where, R1 is the voltage divider 
resistance, Cp is the electrode lead distributed capacitance, Rx is the solution dielectric resistance, vi(t) is 
the sinusoidal excitation signal with amplitude E, phase Ф, frequency f, vo(t) is the output sinusoidal 
response signal of the RC system, vok is the sampling voltage signal of response by high-speed A/D. 
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
Figure.1 Measurement principle diagram 
 
It can be seen from the diagram that capacitance couples with resistance in the equivalent RC network. 
The resistance measurement needs to consider the effect of distributed capacitance, and capacitance 
measurement is affected by the medium leakage resistance, which is difficult to measure directly[1],[4]. 
After analyzing the system, there is a certain relationship between RC parameters and amplitude-phase 
characteristics. By detecting the system amplitude ratio and phase difference, we can achieve the 
parameters decoupling of RC network. 
Set the sine wave excitation amplitude as 1V and the phase as 0 rad, thus the Laplace transform of Vi (s) 
for the system excitation signal vi(t) is 
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According to the RC transfer function in the principle diagram, it can be seen from Eq. (1) that the 
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The Inverse Laplace transform of Eq. (2) is vo(t)=L-1[Vo (s)], that is time domain expression for the 
response signal 
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A(ω ) is the amplitude-frequency characteristic of RC system, φ (ω ) is the phase-frequency 
characteristic of RC system, f is the frequency of sinusoidal excitation and the angular frequency ω =2π f. 
Rx, Cp can be solved by the simultaneous solution of A(ω ) and φ (ω ) in Eq.(4) and Eq.(5). 
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Thus, when the voltage divider resistance R1 and incentive angular frequency ω remain constant, by 
calculating amplitude-phase characteristics A and φ of the system, the RC parameters decoupling can be 
realized and then the conductivity value can be obtained. 
2.2. The nonlinear least squares fitting of amplitude-phase characteristics 
In the measurement process of amplitude-phase characteristics, interfering factors on the measurement 
of amplitude ratio and phase difference will be transmitted directly to the estimated results of conductivity 
through calculation. In this paper, by using nonlinear least squares fitting for the response signal, it can 
inhibit much uncertainty and improve the electrical conductivity measurement accuracy[4]. 
Select an appropriate excitation angular frequency ω , we sample the response of sine wave at several 
time points t1, t2,Ă, tn in one period, and get the voltage values vo1, vo2,Ă, von. According to nonlinear 
least square principle, minimizing the residual sum of squares g(A, φ ) could obtain the parameter 
estimation of the response amplitude A and phase φ . 
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In Eq. (8), tk is the sampling time points, vok (k=1, 2, Ă, n) is the sampling voltage, A is the amplitude-
frequency characteristic and φ  is phase-frequency characteristic when the system angular frequency is ω . 
The calculation for Eq. (8) is an optimization problem. Considering the speed requirements of industrial 
on-line measurement and the constraints of system microprocessor's computing ability, we choose the 
steepest descent method for optimization calculation. As one of the traditional gradient algorithm, its 
iteration mode  is simple and has relatively fast convergence rate. The steepest descent method can meet 
the measurement requirements well [1],[4]. 
The gradient of cost function Eq. (8) is 
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The solving process of steepest descent algorithm is as follows: 
ķ Given the initial point x0=[A0  φ0]T, precision ε>0; set k=0; 
ĸ Calculate ͪg(xk) ; 
Ĺ If ||ͪg(xk)||<ε, the iteration ends, x*= xk, and [A0*  φ0*]T=[Ak  φk]T. If not, go to ĺ; 
ĺ Adopt 0.618 method to do one-dimensional fine search and calculate the extreme points λk of φ(λ)= 
g[xk λͪg(xk)] which could meet g[xk λkͪg(xk)] < g(xk)ˈλk is the kth iteration step. 
ĻSet xk+1= xk λkͪg(xk), k=k+1, and return to ĸ. 
The initial value selection of steepest descent method can affect the efficiency of optimization search, 
so making it close to the true value of parameters to be estimated is helpful to speed up the search. 
Therefore, select two points from multiple sampling points tk, vok, and substitute these two sets of time 
values ti, tj and voltage values vi, vj into Eq. (3), which can be obtained by simultaneous solution 
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Set this result as the iterative initial value. In addition, by judging initial value A0 and φ0, the system 
control strategy selects the appropriate frequency to make parameters value A and φ close in order of 
magnitude, which could facilitate the optimization search of gradient algorithm and improve the 
measurement rate. 
3. Conductivity Measurement System Design 
3.1. Detection circuit design 
According to the above principle, the electrical conductivity measurement system mainly consists of 
sine wave generator, conductivity electrode RC system, high speed A/D converter, CPU and other 
components, as shown in Figure 2. 
 
Figure 2 Circuit Block Diagram of Soft Measurement System 
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In normal case, we can judge the general range of the conductivity value according to the measurement 
place and environment. The prior knowledge can help to set the system initial excitation frequency and 
initial divider resistance, and reduce adjustment time of system control strategy. After initial setting, the 
signal generator sends sine wave with amplitude 1V to excite RC system of conductance cell. The 
sampling starting time of response signal is the zero point of sinusoidal excitation, which can be 
determined by the comparator. The high-speed A/D samples the response value uniformly for 10 times in 
one period, and CPU selects two sets of sampling values to substitute into Eq. (11) and Eq. (12) to 
calculate the initial value A0 and φ0. Then based on system control strategy, CPU uses this initial value to 
adjust the excitation angular frequency to ω and divider resistance to R1. Afterwards, it excites and 
samples the response signal again. Then CPU substitutes these 10 sampling values, the initial value A0, φ0 
and the excitation angular frequency into Eq. (9), and use the steepest descent method to optimize the 
calculation. Thus we can obtain the parameters’ estimated value A and φ for the system amplitude-phase 
characteristics. At last, it substitutes the solution A, φ, the excitation angular frequency ω and the divider 
resistance R1 into Eq. (6) and Eq. (7) to calculate the equivalent RC network parameters Rx, Cp. Then the 
conductivity can be obtained. 
In addition, the temperature will directly affect the ionization degree, solubility, and ion concentration 
of electrolytes in the process of conductivity measurement, which have a serious influence on the results. 
The system uses the most mature formula method for temperature compensation. Setting 25ć as the 
standard temperature, the measurement result at other temperature  is converted to the corresponding 
conductivity at 25ć. For the general electrolyte solution, the temperature compensation formula is k25=kt 
/[l+α (t - 25)]. Where, k25 and kt are respectively the conductivity when the solution temperature are tć 
and 25ć, α is the temperature coefficient of solution conductivity expressed as %/ć [5]. 
3.2. System control strategy 
By analyzing the measuring principle and the system working process, the control strategy plays an 
important role on this electrical conductivity measurement system, which is mainly divided into two 
aspects: the shift principle of divider resistance and the selection strategy of excitation frequency. 
Because of the lack of prior knowledge or the difference of measured medium, the solution resistance 
may vary greatly, thus the detected response signal amplitude will also have much difference. In order to 
ensure measurement accuracy, it needs to establish a shift principle of divider resistance to switch the 
range of R1 and guarantee the amplitude parameter in an appropriate range. The scheme uses a digital 
potentiometer as the divider resistance R1. Before the actual measurement it should be shifted to the range 
of the estimated solution resistance, which can be obtained by substituting the initial value A0, φ0 into Eq. 
(6) and Eq. (7). The system automatically switches the range based on this principle, which improves the 
reliability and accuracy of sampling data and extends the dynamic measurement range of measuring 
instruments at the same time. 
From the measurement principle, selecting an appropriate frequency can make it easy to wage the 
optimization search with steepest descent method and improve the measurement rate. Excitation 
frequency selection strategy is given below: 
ķ Set the excitation frequency and sample the response signal. Calculate the initial value A0 and φ0 
according to Eq. (6). 
ĸ When A0-|φ0|>0.1 and A0>|φ0|, depending on which order of magnitude 103, 102 or 101 the excitation 
source frequency is, it increases the excitation frequency 1000, 100 or 10Hz respectively. 
Ĺ When A0-|φ0|>0.1 and A0<|φ0|, depending on which order of magnitude 103, 102 or 101 the excitation 
source frequency is, it reduces the excitation frequency 1000, 100 or 10Hz respectively. 
ĺ If A0-|φ0|<0.1, it wages the optimization search instantly. Otherwise return to ķ. 
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In system control strategy, the shift principle of divider resistance and the selection strategy of driving 
frequency both affect the amplitude and phase parameters. It needs to coordinate so that each part could 
work properly. The control flow chart is shown in Figure 3. 
 
 
Figure 3 System block diagram of control strategy 
4. Conclusions 
In this paper, a mathematical model between RC parameters and the amplitude-phase characteristics is 
established based on the equivalent RC network of conductance cell. It uses the amplitude-phase 
parameters as secondary variables and adopts soft analysis calculation to replace conductivity 
measurement which is not easy to carry out directly. This scheme builds a model including the 
interference capacitor and eliminates the interference essentially by estimating the interference, thus it can 
ensures the measurement accuracy. Considering much uncertainty in the measurement process, it uses the 
nonlinear least square method to fit the amplitude-phase characteristics and select the steepest descent 
method as the search algorithm, which ensures the real-time property of measurement and further 
improves the measurement accuracy. In addition, we also design automatic error compensation, 
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intelligent parameter setting and other functions, which improve the intelligence and automation degree 
of scheme. 
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